In this study, we fabricated AlGaN/GaN-on-Si high electron mobility transistors (HEMTs) for high voltage switching applications where both the field plate length and the gate-to-drain distance were varied for structural optimization. A tapered gate was fabricated in conjunction with the field plate in order to effectively suppress the high electric field at the gate edge. Regardless of the gate-to-drain distance, which was varied from 7 to 20 µm, the highest breakdown voltage was obtained with a short field plate length (i.e., 2 -3 µm), and the breakdown voltage monotonically decreased with increasing field plate length. A breakdown voltage of 1200 V with an on-resistance of 3.7 mΩ·cm 2 was achieved using a gate-to-drain distance of 20 µm and a field plate length of 3 µm.
I. INTRODUCTION
With the rising demand for high-efficiency switching devices in power conversion applications, AlGaN/GaN high electron mobility transistors (HEMTs) have received great attention due to their unique physical properties, for example, high breakdown field strength, high carrier density, high mobility, etc. [1, 2] . In particular, AlGaN/GaN grown on Si (AlGaN/GaN-on-Si) is becoming the mainstream technology due to the cost advantage. Unlike RF devices, power switching devices do not require high-resistivity substrates, so most AlGaN/GaNon-Si wafers utilized for power switching applications employ conductive Si substrates. Therefore, the quality of the buffer layer on the conductive Si substrate plays an important role in the breakdown characteristics [3] . For the past several years, high-quality epitaxial growth techniques have been stabilized, and several companies have already commercialized AlGaN/GaN-on-Si wafers up to a 6-inch diameter [4, 5] .
In terms of device fabrication, field plate structures are commonly employed to further enhance the break- * E-mail: hcha@hongik.ac.kr; Fax: +82-2-320-1119 down voltage of AlGaN/GaN HEMTs. Various field plate structures, e.g., a gate field plate, a floating field plate, multiple field plates, etc., have been reported so far [6] [7] [8] [9] [10] , but few studies have dealt with the relationship between field plate length and breakdown voltage in AlGaN/GaN-on-Si HEMTs. In this study, the effects of the field plate length on the breakdown voltage and the specific on-resistance have been investigated for various gate-to-drain distances. In addition, effects of the post-annealing on the leakage current have been carefully examined.
II. EXPERIMENTS
A schematic cross-sectional view of the AlGaN/GaNon-Si HEMTs studied in this work is shown in Fig. 1 . The layer structure consisted of a 4-nm undoped-GaN capping layer, a 20-nm undoped-Al 0.23 Ga 0.77 N barrier, a 1-nm AlN spacer, a 1.7-µm undoped-GaN buffer, and an undoped AlN/AlGaN/GaN transition layers on an Ntype Si (111) substrate. The source-to-gate distance and the gate length were 3 µm and 2 µm, respectively. The gate-to-drain distance was varied from 7 µm to 20 µm with various field plate lengths. The field plate is electrically common to the gate.
A SiN x pre-passivation process was employed for device fabrication in order to protect the surface region under the gate during high-temperature Ohmic annealing [11] . A 300-nm-thickSiN x film was first deposited at 350
• C by using inductively coupled plasma chemical vapor deposition (ICP CVD). After the Ohmic contact areas had been patterned, the exposed SiN x film was etched away prior to metallization by using a lowpower, CF 4 /O 2 -based inductively coupled plasma reactive ion etching (ICP RIE) process. A Si/Ti/Al/Mo/Au (= 5/20/60/35/50 nm) metal scheme was evaporated without an additional patterning process. After Ohmic metal lift-off, a rapid thermal annealing was carried out in a N 2 ambient by using a two-step annealing process, i.e., firstly at 830
• C for 30 sec and secondly at 850
• C for 30 sec. The mesa isolation was then performed using ICP RIE with Cl 2 . A contact resistance of 0.48 Ω·mm and a sheet resistance of 492 Ω/ were measured. The gate region was patterned, and the exposed SiN x film was etched away using a SF 6 based lowpower RIE process, which resulted in a tapered profile, as shown in Fig. 2 . The low-power etching conditions were 30 sccm, 10-W RF power, and 100 mT, and the etch rate was 3.5Å/s. The next patterning process defined the gate field plate. Prior to gate/field plate metallization (Ni/Pt/Au = 20/20/360 nm), the exposed surface area was cleaned using 30:1 buffered oxide etch for 30 sec. The same metallization was also applied on top of the Ohmic regions. An additional 500-nm-thick SiN x film was then deposited at 190
• C by using ICP CVD. As a post annealing process, a rapid thermal annealing was carried out at 400
• C for 5 min in N 2 ambient, and the current-voltage (I-V) characteristics were compared before and after the post-annealing process.
III. RESULTS AND DISCUSSION
The post-annealing process, so-called stabilization annealing, has been reported to be able to reduce the leakage current in AlGaN/GaN HEMTs with Ni-based gate contacts [12] . It was suggested that the reduced leakage current was suggested to be associated with the formation of Ni oxide and/or the improvement of the interface state conditions between Ni and GaN during the post-annealing process [13, 14] . The I-V characteristics measured before and after the post-annealing process are compared in Fig. 3 . The leakage current was noticeably decreased after the post-annealing process whereas a small shift was observed in the saturation current levels; the leakage current at a reverse bias of 100 V was decreased from 126 µA/mm to 1 µA/mm. The Schottky barrier height extracted from the I-V characteristics was slightly increased from 0.88 eV to 0.95 eV after the post-annealing process, which is associated with the reduced leakage current. However, Ni oxide formation is unlikely to be responsible for the leakage current reduction because no degradation in transconductance (i.e., gate modulation) was observed after the post-annealing process. Rather, we speculated that the post-annealing in N 2 ambient compensated N-vacancies at the surface eliminates shallow traps and thus improves adhesion between Ni and the GaN surface.
A tapered gate structure has been reported to have characteristics superior to these of conventional structures [15] . In this work, we developed a low-power, SF 6 -based dry etching technique to obtain a tapered gate structure. We suggest that the tapered gate, in conjunction with the field plate structure, will effectively suppress the high electric field at the gate edge and thus maximize the breakdown voltage. The breakdown voltage characteristics of the fabricated devices as a function of the field plate length for various gate-to-drain distances are shown in Fig. 4(a) . The breakdown voltage obviously increases with increasing gate-to-drain distance due to the increased parasitic channel resistance. It should be noted that regardless of the gate-to-drain distance, the highest breakdown voltage for a given gateto-drain distance was obtained with the shortest field plate length used, and the breakdown voltage monotonically decreased with increasing field plate length. Therefore, we suggest that the high electric field at the gate corner can be successfully suppressed even with a short field plate length and that the breakdown voltage depends on the distance between the field plate edge and the drain. Because the field plate is electrically common to the gate, the entire potential drop between the gate bias and the drain bias is mostly applied to the region between the field plate edge and the drain, especially when a high drain voltage is applied. Therefore, the electric field strengths at the field plate edge and near, the drain region increase with decreasing distance between the field plate edge and the drain. A breakdown voltage of 1200 V with an on-resistance of 3.7 mΩ·cm 2 was achieved with a gate-to-drain distance of 20 µm and a field plate length of 3 µm. The breakdown behavior under the pinch-off conditions (V GS = -6 V) for the device with a breakdown voltage of 1200 V is shown in Fig. 4(b) .
The I-V characteristics of different gate-to-drain distances are compared in Fig. 5 , where the field plate lengths are 2 µm for gate-to-drain distances of 7, 10, and 15 µm and 3 µm for a gate-to-drain distance of 20 µm. The on-resistance obviously increases with increasing gate-to-drain distance due to the increased parasitic resistance. The on-resistances for the devices with gate-to-drain distances of 7, 10, 15, and 20 µm are 1, 1.3, 2.4, and 3.7 mΩ·cm 2 , respectively. In Fig. 6 , the on-resistance is seen to be a strong function of the gateto-drain distance, but a weak function of the field plate length. The weak dependency on the field plate length is due to the positively-biased gate field plate, which re- duces the depletion depth under the field plate. This will be an advantage using the gate field plate in comparison with the source field plate. In terms of the breakdown voltage, both gate and source field plated devices are expected to have similar breakdown voltages because the voltage difference between the gate and the source is relatively very small in comparison with the high drain voltage, making little difference in the electric field distribution.
IV. CONCLUSION
The effects of the gate field plate length on the breakdown voltage characteristics of AlGaN/GaN-on-Si HEMTs have been investigated. We suggest that the electric field at the gate edge can be successfully suppressed by employing the field plate structure in conjunction with a tapered gate. We observed that the gate leakage current was noticeably reduced by a post-annealing process at 400
• C for 5 min, which was attributed to an increase in the barrier height. Regardless of the gateto-drain distance, the highest breakdown voltage was achieved with the shortest field plate length (i.e., 2 -3 µm) for a given gate-to-drain distance, and the breakdown voltage monotonically decreased with increasing field plate length. A breakdown voltage of 1200 V with an on-resistance of 3.7 mΩ·cm 2 was achieved with a gateto-drain distance of 20 µm and a field plate length of 3 µm.
